Embryoid bodies (EBs) are three-dimensional multicellular aggregates allowing the in vitro investigation of stem-cell differentiation processes mimicking early embryogenesis. Human amniotic fluid stem (AFS) cells harbor high proliferation potential, do not raise the ethical issues of embryonic stem cells, have a lower risk for tumor development, do not need exogenic induction of pluripotency and are chromosomal stable. Starting from a single human AFS cell, EBs can be formed accompanied by the differentiation into cells of all three embryonic germ layers. Here, we report that siRNA-mediated knockdown of the endogenous tuberous sclerosis complex-2 (TSC2) gene product tuberin or of proline-rich Akt substrate of 40 kDa (PRAS40), the two major negative regulators of mammalian target of rapamycin (mTOR), leads to massive apoptotic cell death during EB development of human AFS cells without affecting the endodermal, mesodermal and ectodermal cell differentiation spectrum. Co-knockdown of endogenous mTOR demonstrated these effects to be mTOR-dependent. Our findings prove this enzyme cascade to be an essential anti-apoptotic gatekeeper of stem-cell differentiation during EB formation. These data allow new insights into the regulation of early stem-cell maintenance and differentiation and identify a new role of the tumor suppressor tuberin and the oncogenic protein PRAS40 with the relevance for a more detailed understanding of the pathogenesis of diseases associated with altered activities of these gene products.
INTRODUCTION
The description of Oct4-positive stem cells within human amniotic fluid (1) initiated a new and promising research field (2, 3) . Descending from a single-immunoselected CD117 (c-Kit)-positive human amniotic fluid stem (AFS) cell, lines can be established, which can be expanded as immature pluripotent stem cells able to differentiate along all three embryonic germ layers (4) . These monoclonal AFS cell lines can be expanded in culture with high proliferative capacity, are chromosomal stable and do not need exogenic treatment to maintain pluripotency. Furthermore, AFS cells have a lower risk for tumor development and do not raise the ethical issues of embryonic stem (ES) cells. Accordingly, besides their putative functions in specific cell-based therapies, AFS cells became increasingly accepted as an ideal tool to study cell differentiation processes (2 -5) .
Pluripotent stem cells are also defined by their potential to spontaneously form three-dimensional multicellular aggregates called embryoid bodies (EBs). EBs allow the in vitro recapitulation and investigation of the three-dimensional and tissue level contexts of the cell differentiation phenomena during early mammalian embryogenesis (6, 7) . Recently, it was demonstrated that starting from one single human AFS cell, expressing the stem-cell markers CD117 and Oct4, EBs can be formed. When cultured in suspension, under conditions in which they are unable to attach to the surface of culture dishes, monoclonal AFS cells form EBs consisting of many different cells expressing ectodermal, endodermal and mesodermal markers (8) . This in vitro recapitulation of the pluripotent AFS cell differentiation potential together with the recently established protocol for prolonged efficient siRNA-mediated gene silencing in human AFS cells (9) provides an optimal tool to study the relevance of specific endogenous gene functions for early mammalian differentiation processes.
The serine/threonine protein kinase mammalian target of rapamycin (mTOR) is part of two distinct protein complexes in mammalian cells and is the central player within the insulin signaling pathway regulating cell size, tumor development and differentiation. The protein complex mTORC1, containing raptor and mLST8, phosphorylates the eukaryotic initiation factor 4EBP1 and the ribosomal p70S6 kinase (at T389 to activate the ribosomal protein S6), both being regulators of mRNA translation. mTORC2 contains rictor, mLST8, sin1 and protor, and phosphorylates the oncogenic kinase Akt at S473. Within the insulin signaling pathway, the phosphatidylinositol-3-kinase regulates the phosphoinositidedependent kinase-1 to phosphorylate Akt at T308, what in conjunction with the above-mentioned mTORC2-mediated phosphorylation drives full activation of Akt. So, activated Akt stimulates mTORC1 activity via phosphorylating and thereby inhibiting the function of the two major negative regulators of mTORC1, the tuberous sclerosis complex-2 (TSC2) gene product tuberin and proline-rich Akt substrate of 40 kDa (PRAS40) (10) (11) (12) .
Using siRNA-mediated endogenous gene silencing in human AFS cells during EB formation, we found tuberin and PRAS40 to be potent anti-apoptotic gatekeepers in early mammalian stem-cell differentiation. The discovery of this mTOR-dependent potential provides new insights into the development of tumors and human genetic diseases associated with functional loss of either tuberin or PRAS40.
RESULTS

Tuberin and PRAS40 regulate apoptosis during EB formation of AFS cells
siRNA-mediated knockdown of endogenous PRAS40 or tuberin triggered a pronounced degradation of EBs within several days of EB formation of human AFS cells (Fig. 1A and B). It is important to note that the used siRNA approach triggers gene knockdown for about 2 weeks in human AFS cells (9) . Detailed microscopical investigation demonstrated significant morphological changes in the structures of the EBs. The inner area consists of cells with morphologies earlier described to be characteristic for AFS cell-derived EBs (8) . Upon tuberin or PRAS40 knockdown, however, an outer area appeared consisting of less compacted, brighter shaped cells being typically described as the consequence of apoptotic processes (Fig. 1C) (13) . Whereas the whole EB area remained unchanged (Fig. 1D) , the inner diameter and the area of the EBs dramatically decreased upon PRAS40 or tuberin knockdown, accompanied by an increase in the surrounding outer ring and by decreased total cell number ( Fig. 1E -G ) in a time-dependent manner ( Fig. 1H and I ). These data demonstrate that tuberin and PRAS40 are essential gatekeepers inhibiting EB degradation during early human AFS cell differentiation.
Besides the detection of the already mentioned typical apoptotic cell morphology changes, we used additional approaches to prove that the outer ring of the EBs represents tuberin-and PRAS40-regulated apoptotic cell death. Hoechst propidium iodide (HOPI) staining to monitor apoptotic nuclear chromatin condensation demonstrated knockdown of PRAS40 or tuberin to trigger apoptosis represented by the induction of an outer EB ring of dead cells ( Fig. 2A) . Another common feature of apoptosis is cell shrinkage [for description and detection methods of apoptosis-specific hallmarks see (13) ]. Cytofluorometric forward scatter (FSC) analyses demonstrated the induction of cell shrinkage in tuberin-or PRAS40-specific siRNA-treated EBs (Fig. 2B) . Cytofluorometric DNA analyses were performed. These data demonstrated that the process of EB induction is accompanied by a G0/G1 cell cycle arrest of AFS cells. In addition, knockdown of PRAS40 or tuberin led to a significant increase in cells with the subG1 DNA content, representative for apoptosis-specific DNA fragmentation (Fig. 2C and D) . Finally, we found the outer area cells to be positive for the apoptosis-specific cleavage of caspase 3 (Fig. 2E ). Taken together, these studies of apoptotic events, such as cell morphological changes, nuclear chromatin condensation, cell shrinkage, DNA fragmentation and caspase 3 cleavage, allow the conclusion that both mTORC1 regulators, tuberin and PRAS40 are antiapoptotic gatekeepers during EB formation of AFS cells.
The approach of HOPI staining also allows to discriminate between apoptotic and necrotic cells. Whereas PI uptake due to loss of membrane integrity is characteristic for both processes, Hoechst 33258 dye staining allows to detect apoptosisspecific chromatin condensation and nuclear fragmentation (13, 14) . To enable quantitative microscopical evaluation, we trypsinized the three-dimensional EBs to receive single cells. HOPI staining under these experimental conditions demonstrated that PRAS40 and tuberin knockdown triggers apoptosis, without induction of necrosis during EB formation of human AFS cells (Fig. 3A-C) .
Next, we performed selective trypsinization procedures to separate the outer area cells (with typical apoptotic morphology) from the inner area cells of the studied EBs (Fig. 4A) . FSC analyses of cell size demonstrated that within the inner area of the EBs, apoptosis-specific cell shrinkage was not elevated upon PRAS40-or tuberin (TSC2)-specific siRNA treatment. The mTOR pathway is the most important cell size regulating cascade in mammalian cells (10) (11) (12) . These experiments also confirmed the wellknown effects of the mTOR pathway on mammalian cell size regulation: knockdown of PRAS40 or tuberin triggered increased size of living cells. Within the cell pool obtained from selective isolation of the outer EB areas, pronounced cell shrinkage was detectable ( Fig. 4B and C) . Flowcytometric analyses further revealed that within the outer EB areas, apoptosis-specific DNA fragmentation (analysed by the amount of subG1 cells) was significantly increased, whereas such an induction of this apoptotic feature was not observed in the inner areas ( Fig. 4D and E) . Again, it is important to mention that the siRNA treatment was started before EB formation was induced. Accordingly, siRNAmediated downregulation of endogenous gene expression was achieved with the same efficiency in all cells, which later contributed to the three-dimensional EBs. For these experiments, the earlier established siRNA gene silencing protocol was used, which allows efficient gene knockdown in AFS cells for over 2 weeks (8, 9) . In summary, these data show the induction of the outer area during AFS cell EB formation to represent apoptosis mediated by endogenous knockdown of the mTOR inhibitors PRAS40 or tuberin.
Downregulation of endogenous tuberin or PRAS40 is without effects on germ layer-specific marker expression
Starting from one single AFS cell, the formation of EBs, composed of cells of all three germlayers, is induced. This AFS cell-derived EB formation is accompanied by a decrease in the expression of the stem-cell markers nodal and Oct-4 and by induction of the differentiation markers Pax 6 (ectodermal), Flk1 (endothelial), E-cadherin (epithelial), GATA4 (endodermal), T (brachyury; mesodermal) and HBE1 (mesodermal). AFS cell-derived EBs are also positive for laminin and nestin. In addition, as for ES cell-derived EBs, AFS cellderived EBs also form the characteristic distinct peripheral layer on the outer surface, including cells expressing a-fetoprotein (aFP) (8) .
Accordingly, it was interesting to investigate whether the above-described apoptotic effects of PRAS40 or tuberin knockdown were accompanied by effects on the cell differentiation spectrum within the EBs. We immunocytochemically analysed the expression of the mesodermal marker Wilms tumor 1 (WT1) (5, 15) , of the endodermal marker aFP (8, 16) and of the ectodermal marker nestin (4, 16) . Specificity of the used antibodies was confirmed by analyzing aFP-negative IMR-90 fibroblasts (17) , aFP-positive Hela cells (18) knockdown affected the expression pattern of the studied mesodermal, endodermal or ectodermal markers within the EBs (Fig. 5 ). These findings provide evidence that these two mTOR inhibitors are anti-apoptotic gatekeepers during early AFS cell differentiation, but are not involved in lineagespecific regulations of differentiation.
So far, in the study presented here, we have proved that the outer cells (appearing upon siRNA-knockdown of tuberin or PRAS40) are apoptotic rather than, for example, differentiating (analyses of cell shrinkage, DNA fragmentation, chromatin condensation, caspase 3 cleavage). In addition, these marker stainings confirm that the outer cells are not differentiating since they are, for example, aFP negative (see the enlarged pictures of aFP staining in Fig. 5 ).
Downregulation of endogenous tuberin or PRAS40 does not induce apoptosis in two-dimensionally growing AFS cells
To investigate whether the described apoptotic effects of siRNA-mediated knockdown of tuberin or PRAS40 specifically occur in the course of cell differentiation processes during EB formation, we performed experiments in twodimensionally (2D) growing AFS cells. Downregulation of endogenous tuberin or PRAS40 in AFS cells growing in 2D and high serum ( Fig. 6A and B) had neither effects on the cell morphology ( Fig. 6A ), on chromatin condensation analysed by HOPI staining (Fig. 6C ), on cell shrinkage flowcytometrically investigated by FSC analyses (Fig. 6D ), on DNA degradation studied by subG1 analyses (Fig. 6E ) nor on caspase cleavage analysed by western blot (Fig. 6F ). These results demonstrate that the apoptotic effects of tuberin-or PRAS40-knockdown specifically occur in the course of EB formation.
In the western blot analyses of caspase 3 cleavage, we co-analysed protein extracts obtained upon EB formation as apoptotic controls (Fig. 6F) . Once again, these experiments confirmed the EB-specific apoptotic effects of knockdown of both tuberin and PRAS40. These western blot analyses of caspase 3 cleavage also provided evidence that the effects of PRAS40 are more severe than the effects of tuberin knockdown (Fig. 6F) . Although all the data obtained in this study demonstrate that tuberin is also an anti-apoptotic gatekeeper during stem-cell differentiation, the effects of PRAS40 modulation appeared to be more pronounced in all performed experiments (see especially Figs 1, 2 and 4). Although the efficiency of siRNA-mediated downregulation of PRAS40 and tuberin in AFS cells seemed always to be very comparable (Figs 1A and 6B), it is still hard to say whether these differences are a consequence of different starting levels of PRAS40 and tuberin protein amounts or are due to different biochemical functions of these two regulators. The apoptotic effects of tuberin and PRAS40 are mTOR dependent Akt-mediated phosphorylation of tuberin downregulates its GTPase-activating potential toward Rheb, which is a potent regulator of mTORC1 (10 -12). However, a wide variety of mTORC1-independent functions of tuberin, such as its potential to regulate the cyclin-dependent kinase inhibitor p27 (22) , have also been described (23) . PRAS40 binds to raptor and inhibits the function of mTORC1 (12, (24) (25) (26) . Still, it has also been suggested that PRAS40 is an mTORC1 substrate (26 -28) . Accordingly, it was important to clarify whether the described potentials of tuberin and PRAS40 are mediated via mTOR.
The most commonly used approach to modify mTOR activity is via its inhibitor rapamycin (10, 11) . We therefore wanted to investigate whether rapamycin could revert the apoptotic consequences of the endogenous knockdown of the studied mTORC1 inhibitors. However, rapamycin treatment did not affect the potential of PRAS40 or tuberin to regulate apoptosis during EB formation of AFS cells, as demonstrated by the investigation of the inner area and cell number of PRAS40-or tuberindepleted EBs in the presence or absence of rapamycin (Fig. 7) . It is known that there exist rapamycin sensitive and insensitive functions of mTORC1, with regard to its major substrates p70S6K and 4EBP1 (10) (11) (12) 29) . mTORC1-mediated phosphorylation and activation of p70S6K is immediately and potently inhibited via addition of rapamycin (30, 31) (Fig. 7A) . However, after an initial block, within some hours, 4EBP1 activity becomes resistant to rapamycin (29) . Co-knockdown experiments using mTOR-specific siRNA clearly demonstrated the effects of PRAS40 and tuberin on the apoptosis regulation in AFS cell EBs to be mTOR dependent, as evaluated by measurements of the inner area and cell number of PRAS40-or tuberindepleted EBs with or without concomitant knockdown of mTOR (Fig. 8) . Taken together, these results show that both tuberin and PRAS40 are major anti-apoptotic regulators during early AFS cell differentiation due to their potential to control the rapamycin-insensitive functions of mTOR.
DISCUSSION
EB formation is a commonly used in vitro model to investigate stem-cell differentiation processes mimicking early embryogenesis (6, 7) . It has already earlier been shown that mTOR plays a role for EB formation processes (8, 32) , but the underlying mechanism remained elusive. Here, we demonstrate that the two mTOR regulators, tuberin and PRAS40, are anti-apoptotic gatekeepers during EB formation due to their potential to regulate rapamycin-insensitive mTOR functions.
Tuberin is the gene product of TSC2, which when mutated causes TSC, a multisystem disorder affecting 1 in 6000 live births. It is characterized by the development of tumor-like growths in the kidneys, heart, skin and brain, dermatological manifestations, epilepsy, mental retardation and autism. With regard to the molecular development of this human genetic disease many questions connected with the tissue specificity of tumor development are still under investigation (23, 33) . We provide the first description of a connection between stemcell activities and tuberin, with clear implications for future studies on the molecular processes of TSC development. Also for PRAS40, a role in stem-cell maintenance has not been reported before. Deregulation of PRAS40 activity has been implicated to play a role in the development of breast cancer, lung cancer, meningiomas and melanomas (34) . Mutations and deregulations of mTOR pathway components have been demonstrated to be involved in the human genetic diseases, TSC, Peutz -Jeghers syndrome, Cowden syndrome, Bannayan -Riley -Ruvalcaba syndrome, Lhermitte -Duclos disease, Proteus syndrome, von Hippel-Lindau disease, neurofibromatosis, polycystic kidney disease, in several sporadic tumors, as well as in Alzheimeŕs disease, cardiac hypertrophy, obesity and type 2 diabetes (33). Our data warrant future studies to investigate the question to which extent the described effects of tuberin and PRAS40 on stem-cell activities might be involved in the molecular development of these diseases.
The reported findings suggest that both tuberin and PRAS40 are indispensable during early mammalian stem-cell differentiation and development. Whereas PRAS40 knockout in animals has not been reported so far, TSC22/2 mice are known to die at E9.5 -E12.5 due to a variety of malformations and dysfunctions (35, 36) . Not surprisingly, mTOR knockout is also lethal during early murine embryonic development (37, 38) . Interestingly, however, upon injection of the mTOR inhibitor rapamycin at E5.5 -E8.5, most mouse embryos develop normally. Upon these observations, the authors concluded that the rapamycin-insensitive function of mTOR is the relevant trigger for proper embryonal development (37-41). Our results are in perfect agreement with this assumption. Treatment with mTOR-specific siRNA but not with rapamycin could revert the apoptotic effects of endogenous knockdown of tuberin or PRAS40 during EB formation of AFS cells. Accordingly, our findings also highlighted the relevance of the rapamycin-insensitive mTOR functions for early development.
Although without effects on the mesodermal, endodermal and ectodermal cell differentiation spectrum in the EBs, we detected knockdown of tuberin or PRAS40 to trigger a strong induction of apoptosis, as proved by the detection of cell morphological changes, cell shrinkage, nuclear chromatin condensation and DNA fragmentation. Downregulation of PRAS40 activity has already earlier been shown to associate with an increased sensitivity of tumor cells to pro-apoptotic stimuli (42) . Here, we demonstrate that this mechanism is obviously also active in human stem cells. Although never investigated in stem cells, in the past, tuberin has been shown to mediate both pro-and anti-apoptotic effects, likely depending on the cell type and on the exogenous triggers (13, (43) (44) (45) (46) . In this study, we found tuberin to play an essential anti-apoptotic role during early human stem-cell differentiation. Inoki et al. (43) reported that AMP-activated protein kinase phosphorylates tuberin on residues T1227 and S1345, what protects cells from energy deprivation-triggered apoptosis. Tuberin is further known to induce apoptosis via its ability to negatively regulate p70S6K, what activates BCL2-associated agonist of cell death to promote cell death (13, 44) . Different groups have already earlier shown that tuberin can mediate antiapoptotic effects in an mTOR-dependent manner (43, 45, 46) . Rapamycin sensitive and insensitive functions of mTORC1 have been described (10) (11) (12) 29, 46, 47) . One study has already demonstrated an anti-apoptotic function of tuberin, which is rapamycin insensitive, but depends on mTOR (46) . This study is the first to demonstrate tuberin's role in the regulation of apoptosis in stem cells and shows this anti-apoptotic function to also depend on the rapamycin-insensitive mTOR function.
In conclusion, this report shows for the first time that tuberin and PRAS40 play a role in stem-cell biology. It is the first description that early human AFS cell differentiation is regulated/controlled via apoptosis. In fact, almost nothing is known about the role of apoptosis during EB formation of stem cells in general, and a connection to tuberin or PRAS40 has never been drawn before. The latter is of special interest, since, as described above, the loss of endogenous tuberin or PRAS40 is involved in the pathogenesis of human genetic disease and cancer. In addition, this report contains the first description of a PRAS40-mediated anti-apoptotic potential via rapamycin-insensitive mTOR. And finally, our study contains the technical confirmation that EB formation of AFS cells combined with siRNA-mediated gene knockdown is an invaluable tool to study the role of endogenous gene functions for the three-dimensional and tissue level context of stem-cell differentiation processes mimicking early mammalian embryogenesis.
MATERIALS AND METHODS
Cell culture
The human AFS cell line Q1 has been established by Anthony Atala via magnetic cell sorting using the CD117 MicroBead Kit (4). AFS cells were grown in the a-MEM minimal essential medium (Invitrogen, Carlsbad, CA, USA, 41061), supplemented with 15% fetal bovine serum (HyClone, Waltham, MA, USA, 30070.03), 18% Chang B, 2% Chang C (Irvine Scientific, CA, USA, C100, C106), 2 mM L-glutamine, 50 mg/l streptomycin sulfate and 30 mg/l penicillin. The human nontransformed, non-immortalized, primary fetal lung fibroblasts IMR-90 were grown in the Dulbecco's modified Eagle medium-high glucose (DMEM-HG) medium. The cell lines MCF-7 (mammary gland adenocarcinoma) and Hela (epithelial cervix carcinoma) were also grown in the DMEM-HG medium supplemented with 10% fetal calf serum (FCS) and antibiotics (30 mg/l penicillin, 50 mg/l streptomycin sulfate) and 2 mM L-glutamine. Jurkat cells (human T cell leukemia) are suspension cells and were grown in the DMEM-HG medium supplemented with 10% FCS and 2.5 mM L-glutamine. SK-N-SH cells (human neuroblastoma) were cultured in the Roswell Park Memorial Institute (RPMI) medium supplemented with 20% FCS and 2 mM L-glutamine. Cells used for immunofluorescence staining were seeded and cultured on either glass or permanox slides. Mouse embryonic kidneys (E11.5) were dissected, grown and stained as described (5) . Cells were cultivated at 378C and 5% CO 2 and were routinely screened for mycoplasma via DAPI staining and polymerase chain reaction (PCR) (EZ-PCR mycoplasma test kit, Biological Industries, 20-700-20). The mTOR inhibitor rapamycin (Calbiochem, La Jolla, CA, USA, 553211) was added to cells at a final concentration of 100 nM.
EB formation
EBs were generated using a suspension method with 0.3% (w/v) methylcellulose in 96-well plates with a U shape and non-adhesive cell culture plastic (PAA, Pasching, Austria, Forty-eight hours after transfection, cells were treated with 100 nM rapamycin or vehicle (DMSO). Efficient knockdown of PRAS40 or tuberin protein was confirmed by western blot analysis 72 h after transfection. Additionally, the negative effects of rapamycin on mTORC1 activity were confirmed by analyzing the phosphorylation status of p70S6K T389. GAPDH served as a control for equal loading. Lysates of non-transfected (non-treated) Q1 cells were analysed in parallel and were included to prove the used conditions of siRNA treatment to be physiologic and technically sound (compare control versus non-treated). (B) The inner area (outline of the inner area) of formed day 1 EBs was analysed. For each calculation 10 EBs were photographed, the area was analysed via Cell D image software (Olympus) and the data are presented as average + standard deviation (control set to 100%). (C) The cell number of these EBs (32 EBs for each calculation) was determined by a CASY cell counter. For all statistical analyses in this figure Student's t-tests (unpaired, two-tailed) were performed and * indicates statistical significance with a P-value ≤ 0.05. The cell number of these EBs (32 EBs for each calculation) was determined by a CASY cell counter. For all statistical analyses in this figure, Student's t-tests (unpaired, two-tailed) were performed and * indicates statistical significance with a P-value ≤ 0.05. 34296X) as described (8) . A single EB is composed of 1000 -1500 cells in 100 ml medium. For analysis of cell number, cell size, DNA content and protein expression of whole EBs, EBs were directly harvested, washed three times in ice-cold 1× phosphate buffered saline (PBS) and then trypsinized for 15-20 min to receive a single cell suspension. Separating the inner and outer cells of EBs was achieved by harvesting EBs, washing them carefully with ice-cold 1× PBS, followed by 2-3 min incubation with trypsin-EDTA (TE). Reaction was stopped by adding serum-containing medium to EBs. EBs and single cells (outer cells) were separated by slow centrifugation (300 rpm, 5 min, 48C). Supernatant was collected, transferred into new tubes and centrifuged for 10 min at 1000 rpm and at 48C. The cell pellet was then used for further analysis. Remaining EBs were washed with 1× PBS and then trypsinized for 15-20 min to receive single cells (inner cells). So obtained cell pellets were further processed for analysis.
siRNA treatment
RNA silencing was achieved using siRNA specific for human PRAS40, tuberin and mTOR (ON-TARGETplus SMART pool reagents, Dharmacon, Lafayette, CO, USA) at a final concentration of 50 nM (9) . siRNA was delivered to cells using Lipofectamine RNAiMAX reagent (Invitrogen). A pool of four non-targeting siRNAs was used as control for non-sequence-specific effects for each transfection. In experiments, where single knockdowns were compared with the simultaneous knockdown of two genes, the amount of genespecific siRNA was reduced to 25 nM while keeping the overall amount of siRNA for each reaction (50 nM) constant by adding non-targeting siRNA. EB formation of siRNAtreated cells was performed 72 h after transfection.
Flow cytometry and CASY cell counter
Single cells from 2D cultures (cells grown on plates) and 3D cultures (whole EB, inner EB and outer EB) were fixed by rapid submersion in ice-cold 85% ethanol. After fixation overnight at 2208C, DNA was stained with 0.25 mg/ml propidium iodide (PI), 0.05 mg/ml RNAse A, 0.1% Triton X-100 in citrate buffer, pH 7.8 and relative cell size (FSC), and DNA content and subG1 fraction were analyzed on a Beckton Dickinson FACSCalibur (Beckton Dickinson, San Jose, CA, USA) (48) . For flow-cytometric analysis, a 96-well plate with EBs was used in triplicate. For cell number determination, EBs were trypsinized to obtain single cells and the number of vital cells was analysed on a CASY Cell Counter (Innovatis, Roche, Basel, Switzerland). For each measurement, 32 EBs were trypsinized to calculate the cell number of a single EB. Measurements were performed in triplicate.
Microscopy and area measurement
For phase contrast images, EBs were photographed with an Olympus IX51 equipped with a XC50 camera (Olympus, Tokio, Japan). For the measurements of the 'inner area' and 'whole area' of EBs, pictures were randomly taken from three 96-well plates and the area was determined using the microscopic imaging software Cell^D (Olympus). The inner area of the EB is defined as the round-shaped inner structure. The cells situated out of the inner EB are integrated in the measurement of the 'whole EB' (for a scheme see Fig. 1C ). The mean diameter of the EB was deduced from measurements of the inner area of day 1 EBs (24 h after induction of EB formation). All immunostained samples were analysed on either an Olympus IX51 microscope with a XC50 camera (Olympus) or a Zeiss LSM Exciter confocal microscope (Carl Zeiss, Oberkochen, Germany). The microscopes were not changed within one experiment.
Immunocytochemistry
Cells on slides were fixed in 4% paraformaldehyde for 10 min at room temperature. Fixed cells were washed with PBS and then permeabilized in 0.1% Triton X-100 in PBS (PBS/T) for 10 min, followed by blocking with 0.5% bovine serum albumin in PBS/T for 30 min at room temperature. Cells were subsequently incubated with primary antibody overnight at 48C. Antibodies specific for the following proteins were used: anti-aFP antibody (R&D Systems, Minneapolis, MN, USA, MAB4305), anti-laminin antibody (Sigma, St Gallen, Switzerland, L9393), anti-nestin antibody (Neuromics, Edina, MN, USA, MO15012) and anti-WT1 antibody (Dako, Glostrup, Denmark, M3561). Thereafter, cells were washed with PBS and incubated with labeled secondary antibody (1:100 in PBS) for 30 min at room temperature: goat tetramethyl rhodamine iso-thiocyanate a-rabbit (Sigma) or goat fluorescein iso-thiocyanate a-mouse (Sigma). Cells were washed again and DAPI (4,6-diamino-2-phenylindole; 1 mg/ ml) was added for nuclei staining.
EBs were incubated with 4% paraformaldehyde for 30 min at room temperature and then carefully washed with PBS, followed by washing 15 min in 0.1% Triton X-100 in TBS (TBS/ T) and subsequently 15 min in PBS/T. EBs were blocked for 1 h in 1% BSA in PBS/T. EBs were washed and incubated with primary antibody overnight at 48C. Antibodies specific for the following proteins were used: cleaved caspase 3, Asp175 (clone 5A1E) (Cell Signaling, Danvers, MA, USA, 9664), aFP (R&D Systems), nestin (Neuromics) and WT1 (Dako). After primary antibody incubation, EBs were washed and afterwards stained with labeled secondary antibodies: Alexa Fluor 488 goat a-mouse (Molecular Probes, Invitrogen, A11029) or Alexa Fluor 488 goat a-rabbit (Molecular Probes, Invitrogen, A11034) and DAPI overnight at 48C. The next day, stained EBs were washed three times with 1× PBS and then transferred onto glass slides. Images were obtained with a Zeiss LSM Exciter confocal microscope (Carl Zeiss).
HOPI staining
The cell culture medium with a final concentration of 5 mg/ml Hoechst 3358 dye (HO) and 2 mg/ml PI was prepared. For analysis of cells from 2D cultures (cells grown on plates) and 3D cultures (whole EB), cells/EBs were washed with PBS and treated with TE (for dissociation of whole EBs, EBs were processed as described above). The trypsinized, single cells were harvested in an Eppendorf tube and incubated with the HOPI stain for 1 h at 378C. After incubation, the cells needed to be carefully resuspended to receive a single cell solution, were put on a glass slide and pictures were taken with the Olympus microscope (up to 10 pictures per sample). EBs without prior dissociation were directly incubated with the HOPI dye in a 96-well plate and were analyzed on a confocal microscope after 1 h incubation. The analysis of stained, single cells was done by counting viable, apoptotic and necrotic cells. The Hoechst 33258 dye stains the nuclei of all cells. Nuclear changes, such as chromatin condensation and nuclear fragmentation, are associated with apoptosis. PI uptake indicates the loss of membrane integrity being characteristic for necrosis and apoptosis. Necrosis is characterized by nuclear PI uptake into cells without chromatin condensation or nuclear fragmentation (14) .
Protein extraction
Total protein of cells from 2D cultures (cells grown on plates) and 3D cultures (whole EB) was extracted by physical disruption of cell membranes by repeated freeze and thaw cycles. In brief, cells/EBs were harvested by trypsinization to receive single cells (for dissociation of whole EBs, EBs were processed as described above). Cell pellets were washed with PBS and lysed in buffer A containing 20 mM Hepes, pH 7.9, 0.4 M NaCl, 25% glycerol, 1 mM EDTA, 0.5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM NaF, 0.5 mM Na 3 VO 4 supplemented with 2 mg/ml aprotinin, 2 mg/ml leupeptin, 0.3 mg/ml benzamidinchlorid, 10 mg/ml trypsininhibitor by repeated freeze and thaw cycles. After incubation on ice and centrifugation at 15000 rpm for 20 min at 48C, supernatants were collected and protein lysates stored at 2808C. Protein concentrations were determined using the Bio-Rad protein assay (22) .
Immunoblotting Proteins (7 -15 mg/lane) were run on a sodium dodecyl sulfate-polyacrylamide gel and transferred onto a nitrocellulose membrane. Blots were stained with Ponceau-S to visualize the amount of loaded protein. For immunodetection, antibodies specific for the following proteins were used: tuberin C-20 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc-892), phospho-PRAS40 T246 (Cell Signaling, 2997), PRAS40 (clone D23C7) (Cell Signaling, 2691), mTOR (Cell Signaling, 2972), phospho-p70S6K T389 (clone 108D2) (Cell Signaling, 9234), p70S6K (Cell Signaling, 9202), cleaved caspase 3, Asp175 (clone 5A1E) (Cell Signaling, 9664), a-tubulin (clone DM1A) (Calbiochem, CP06) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Trevigen, Gaithersburg, MD, USA, 2275-PC-100). Rabbit polyclonal and monoclonal antibodies were detected using anti rabbit IgG, an horseradish peroxidase (HRP)-linked heavy and light chain antibody from goat (A120-101P, Bethyl Laboratories, Montgomery, TX, USA); mouse monoclonal antibodies were detected using anti-mouse IgG, an HRP-linked heavy and light chain antibody from goat (A90-116P, Bethyl Laboratories). Signals were detected using the enhanced chemiluminescence method (Pierce).
Statistical analyses
Analyses of 'inner' and 'outer' (whole) area of EBs, flow cytometry data, incidence of EB formation and cell number data are all presented as average + standard deviation (SD). All comparisons between groups were calculated using Student's t-test (unpaired, two-tailed) with P-values ≤ 0.05 indicating statistical significance.
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